A combined experimental and theoretical study of the absorption spectra of a group of closely related pyrylium perchlorates 1-11 are presented. Minor changes in the position of the substituents lead to drastic changes in the absorption spectra in this series of compounds. We have attempted to explain the observed changes using the x,y-band notation developed by Balaban and co-workers. Absorption spectra of all compounds are compared with results from time-dependent density functional theory (TDDFT) and Zerner's intermediate neglect of differential overlap (ZINDO/S) level calculations. Results of the calculations are in good agreement with experimental observations and an interesting correlation between Balaban's notations and the MO transitions are obtained for simple derivatives. It is suggested that for more complex systems such as R-and -naphthyl substituted systems, the empirical method is not appropriate.
Introduction
Pyrylium salts belong to a very important class of cationic organic molecules having a trivalent oxygen atom in a sixmembered aromatic ring. These molecules are of considerable theoretical and practical interest. From the theoretical standpoint, pyrylium salts represent the extreme case of a single perturbation (replacement of CH by O + ) introduced by a heteroatom into a benzene ring. Because of the positive charge, these molecules are inherently electron deficient and undergo a wide range of synthetically useful reactions. [1] [2] [3] [4] The electron-accepting nature has also resulted in their widespread use as sensitizers for photoinduced electron transfer (PET) reactions and as photocatalysts. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The good absorption, fluorescence, and electron acceptor behavior of pyrylium salts have been exploited to design sensors for anions, amines, amino acids, and proteins. [20] [21] [22] [23] [24] [25] [26] [27] Pyrylium salts also find applications in nonlinear optical (NLO) materials, [28] [29] [30] [31] [32] phototherapeutic agents, 33 and anticancer agents. 34 For the past few years, we have been interested in the study of 2,6-dimethyl-4-arylpyrylium salts as electron-transfer sensitizers. 35, 36 During the course of this study, we observed that the absorption spectra of pyrylium salts depend very much on the substitution in the 4-aryl ring. The spectral profiles and molar absorption coefficients depend not only on the nature of the substituent but also on its position of attachment. For example, the spectral profiles change drastically if a substituent is shifted from the para to the ortho or meta position. Absorption spectral characteristics of pyrylium salts are extremely important in the design of sensors, phototherapeutic agents, or NLO materials based on pyrylium salts. Hence, we undertook an experimental and theoretical study of the absorption spectral properties of simple pyrylium salts. In this paper, absorption spectra of 11 2,6-dimethyl-4-arylpyrylium salts (1-11 in Chart 1) are presented. These compounds are compiled into four groups and their spectra are analyzed in the light of earlier empirical studies. Absorption spectra of 1-11 were also obtained using TDDFT/ B3LYP/6-31G* and ZINDO/S level calculations. We observed good agreement in the assignments made on the basis of empirical results and theoretical calculations.
Experimental Section
The synthesis of some of the pyrylium salts was reported in our earlier papers. 35, 36 Other derivatives were prepared using the same general procedure. These were fully characterized by spectroscopic methods and elemental analysis. Absorption spectra were recorded using a Shimadzu UV 3101 PC UV-vis spectrometer. Spectroscopic grade dichloromethane and acetonitrile were used for the studies.
Results and Discussion
3.1. Absorption Spectra. Absorption spectra of pyrylium salts 1-3 in dichloromethane are presented in Figure 1 . When the 4-phenyl ring is unsubstituted as in 1, a broad absorption with maximum at 343 nm was observed. When the 4-phenyl ring is substituted with a methyl group at the para position, the molar absorption coefficient increases with a decrease in the full width at half-maximum (fwhm) value. When the methyl substitution is in the ortho position as in 3, the molar absorption coefficient decreases considerably with an increase in the fwhm value.
Pyrylium salts 4-6 differ only by the position (para, meta, or ortho) of the methoxy substituent in the 4-phenyl ring. Absorption spectra of these compounds exhibited pronounced differences as shown in Figure 2 . Compound 4 exhibited a very intense band around 402 nm. In the case of 5 and 6, the band around 400 nm is weak, but they exhibited an additional moderately strong band around 330-340 nm.
Dimethoxy derivatives 7-9 also exhibit markedly different absorption spectra (Figure 3 ). In the case of 7 and 8, the long wavelength absorption above 400 nm is very intense and the absorption around 355 nm is very weak. The trend is reversed for 9.
Absorption spectra of 4-aryl derivatives 10 and 11 in dichloromethane are shown in Figure 4 . The R-naphthyl substituted derivative 10 exhibits a moderately strong band at 438 nm. The -naphthyl substituted derivative 11 on the other hand exhibited two bands in the 350-500 nm region.
As seen in Figures 1-4 , all pyrylium salts studied exhibit short wavelength absorption at 300 nm and one or two absorption bands in the 330-430 nm region. When the solvent was changed to acetonitrile, the 300 nm band remained unaffected in all cases, but the long wavelength absorptions exhibited a 20-30 nm blue shift with a slight decrease in the molar absorption coefficient. For example, in acetonitrile the absorption band of 1 is blue shifted to 326 nm compared to 343 nm in dichloromethane. In general, pyrylium salts exhibit blue shifts in polar solvents, and this is attributed to the better stabilization of the polar ground state compared to the excited state in polar solvents.
Why is it that positional isomers such as 2-3, 4-6, 7-9, or 10-11 exhibit markedly different absorption spectra? To answer this question, we have taken a close look at the literature reports regarding the absorption spectra of pyrylium salts. Several spectroscopic studies, both experimental and theoretical, have been carried out on pyrylium salts and their structural analogues. 37-43 Balaban and co-workers, for example, correlated the absorption bands in simple pyrylium systems to those in benzene, pyridine, and pyridinium salts. Absorption bands in the pyrylium systems were designated as "x" bands and "y" bands, depending on the direction of polarization of these bands. 1 The effect of substituents in the ring on the absorption bands was also studied. It was observed that substituents in the 2-and 6-positions affect the x-band and substituents in the 4-position affect the y-band predominantly (see Chart 1 for axes notation). These observations were in agreement with the projections of the substituents in the x and y axes. Thus in 1, the 300 nm band was assigned as the x-band and the 326 nm band (in acetonitrile) as the y-band. Balaban and co-workers later suggested that the 326 nm band in 1 is a superposition of two closely lying bands, namely, the weak S 0 f S 1 band (calculated λ max in acetonitrile ) 334 nm, polarized along the x-axis, x-band) and the strong S 0 f S 2 band (calculated λ max in acetonitrile ) 325 nm, polarized along the y-axis, y-band). 40 The band separation is very small (9 nm, corresponds to ∆E ) 825 cm -1 ), and hence these bands are not resolved. The fwhm is high for this band ( Figure 1 ) suggesting that this band indeed is a superposition of two absorption bands.
Balaban's x-and y-band notation can be extended to explain the absorption spectra of pyrylium salts 1-11. The 4-phenyl ring and para-substituted 4-phenyl rings can be considered as pure y-substituents. These compounds are characterized by one strong absorption at g350 nm region. If the substituents are in the ortho or meta positions of the 4-phenyl ring, contributions due to the substituents can be projected into the x-and y-directions. As a result, these systems will exhibit two absorption bands in the g350 nm region. The o-methyl substituted derivative 3 and the R-naphthyl substituted derivative 10 appear to be exceptions. However, the absorption bands in these cases are very broad, and this may be due to superposition of close-lying x-and y-bands. To obtain a theoretical explanation of the band notation, we attempted theoretical calculations on these molecules, and the results are summarized in the next section.
3.2. Theoretical Modeling. 3.2.1. Methods. Density functional theory (DFT) methods have been accepted as efficient and reasonably accurate methods, and they have become a powerful tool in molecular modeling, particularly for the groundstate properties. 44, 45 In the present work, all the ground-state geometries have been optimized at DFT level by using the Becke's three-parameter exchange functional 46 in conjunction with the Lee-Yang-Parr correlation functional 47 as implemented in the Gaussian 03 suite of programs. 48 For all the atoms, the 6-31G(d) basis functions were selected. This DFT method known as B3LYP/6-31G(d) is one of the most widely used methods for getting a very good structural description of molecular systems. All the optimized structures were confirmed as energy minima by normal coordinate analysis. The basic photochemical properties of these systems have been investigated by means of quantum chemical calculations employing mainly the TDDFT/B3LYP/6-31G* formalism [49] [50] [51] as well as ZINDO/S method. 52 Both these methods are best suited for the computation of low-lying valence excited states, and they have been successfully applied for a wide variety of problems. [53] [54] [55] [56] [57] [58] 3
.2.2. Optimized Geometries and Electronic Properties of Pyrylium Systems.
Optimized structures of all the systems are depicted in Figure 5 along with some important geometrical parameters. The first noticeable structural feature is the twist angle (θ) between the pyrylium and 4-phenyl rings. The unsubstituted derivative 1 shows θ value of 28.4°. The θ value is the smallest (16.8°) for the dimethoxy derivative 7 and the largest (39.3°) for the R-naphthyl derivative 11. Large θ values are observed when an ortho substituent is present in the phenyl ring (e.g., 3, 6, 9, and 10) suggesting significant steric effects, while relatively small θ values are observed in the parasubstituted systems (2, 4, 7, and 8) . The bond length parameters shown in Figure 5 indicate that a para substituent is more strongly bonded to the phenyl ring than the meta, and the latter is more strongly bonded to the ring than the ortho substituent. For instance, the C-OMe bond lengths in 4 (p-OMe), 5 (mOMe), and 6 (o-OMe) are 1.335, 1.349, and 1.351 Å, respectively. Similarly, the C-CH 3 bond distance of 1.503 Å in 2 (p-Me) is smaller than the corresponding distance of 1.513 Å found in 3 (o-Me). The shorter value found in the parasubstituted systems points toward strong mesomeric interaction between the lone pair on OCH 3 oxygen and the arene ring π-system and strong inductive electron donation from CH 3 substituent.
To understand the electronic effects of the substituents, we have also analyzed the Mulliken charge on these systems. In Figure 5 , the charges on the pyrylium and the phenyl rings are presented (inside the rings). In the case of the unsubstituted system 1, the charges on the pyrylium and phenyl rings are 0.72 and 0.28, respectively. All substituents we have employed are electron donating in nature, and the substitutions have resulted in lowering of charge on the pyrylium ring and increasing of charge on the 4-phenyl ring ( Figure 5 ). An electron-donating group is most effective in the ortho-para orientation and is less effective in the meta orientation. In the present case, however, ortho substitution leads to steric crowding and results in nonplanarity and reduction in conjugation. Thus, the effect of substituents in the present case is expected to be para > meta > ortho. In light of this, we find that there is excellent agreement between the substituent effect, calculated θ values, and Mulliken charges and observed absorption maxima for the systems studied. As we can see, the electron-donating substituent at the para position decreases the charge on the pyrylium ring to the maximum extent as compared to the substituent at other positions. The para-substituted systems are also more planar and show small θ values. Thus, conjugation effects will be more in the para-substituted systems. In the case of disubstituted systems, effect of the para substitution is more prominent. For instance, the θ value for disubstituted system 8 (o,p-di-OMe) is smaller than that of the monosubstituted system 6 (o-OMe).
We have also found a correlation between the Mulliken charge on the pyrylium ring and the λ max values. In Figure 6 , we have plotted the Mulliken charges against the λ max values of the most intense absorptions of 1-11. It can be seen that the correlation is very good except for the R-naphthyl system 11. The decrease in the positive charge on the pyrylium ring is directly related to the enhancement in the π-conjugation via the inductive and mesomeric effect of the substituents. This in turn will reduce the energy gap between the frontier molecular orbitals, and therefore higher wavelength absorption is expected in systems with lower positive charge on the pyrylium ring.
3.2.3. TDDFT and ZINDO Calculations. In Tables1 and 2, the TDDFT and ZINDO results are summarized along with the experimental values of the λ max and the corresponding molar absorption coefficients. In general, the theoretical absorption maxima (λ max ) obtained by the two methods for the pyrylium systems are in good agreement with the corresponding experimental values (in CH 2 Cl 2 ). The only exceptions are the longer wavelength absorptions calculated for 5 (m-OMe), 9 (o,m-diOMe), 10 (R-naphthyl), and 11 ( -naphthyl) systems at the TDDFT level, which showed a significant deviation from the experimental λ max . On the other hand, λ max values calculated at the ZINDO level showed good agreement with all the experimental λ max values. In Tables 1 and 2 , the MO transitions corresponding to the absorption peaks and their contributions are also listed. Inspection of molecular orbital (MO) transitions reveals that for the unsubstituted system 1 and all the parasubstituted systems (singly and doubly substituted systems), the prominent electron transitions from highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO), whereas in the case of systems containing no para substitution (meta, ortho, and ortho-meta substituted systems), the main absorption peak originates from a HOMO-1 to LUMO electron transition. In the case of 10 (R-naphthyl), the theory and experiment suggest only one absorption peak which corresponds to the HOMO to LUMO transition while in the case of 11 ( -naphthyl), two absorption peaks are detected wherein the main peak corresponds to the HOMO-1 to LUMO transition.
In Figure 7 , the HOMO-1, HOMO, and LUMO (obtained from TDDFT/B3LYP/6-31G* method) of pyrylium salt 2 are given along with the axis notation. The y-axis is considered as passing through the C-C bond that connects the pyrylium ring to the 4-phenyl ring. For all the pyrylium salt systems studied herein, the HOMO and HOMO-1 are mainly localized on the phenyl ring while the LUMO is mainly centered on the pyrylium ring. Therefore, it is clear that irrespective of the substituent in the system, the electronic excitation in the 4-arylpyrylium salts always leads to the transfer of electron from the 4-phenyl ring to the electron deficient pyrylium ring along the y-direction.
In the unsubstituted system 1 and all the systems with single para substitution (2 and 4), the HOMO-1, HOMO, and LUMO have features as shown in Figure 7 . As we can see, the HOMO-1 has its entire electron density localized on the 4-phenyl ring and possesses a nodal plane along the y-axis. The HOMO is mainly localized on the phenyl ring and it has a nodal plane in the x-axis, whereas the LUMO is largely centered on the pyrylium ring. Pyrylium salts 1, 2, and 4 exhibited a very strong absorption at g350 nm ( > 2.5 × 10 4 dm 3 mol -1 cm -1 ), which we assign to the HOMO f LUMO transition (Tables 1 and 2) . A transition corresponding to HOMO-1 f LUMO is not observed. Therefore, it is quite clear that electron transition from the orbital having a nodal plane passing through the y-axis (HOMO-1, in this case) is not allowed while that from the orbital with a nodal plane in the x-direction (HOMO in this case) is strongly allowed. Thus, the λ max observed for 1, 2, and 4 can be grouped into the same class, which arises from the HOMO f LUMO transition. We propose that this transition is synonymous with Balaban's y-band notation. Balaban's x-band would then correspond to the HOMO-1 f LUMO transition (for 1, 2, and 4) . In the case of 1, 2, and 4, the x-band is very weak or absent.
HOMO-1, HOMO, and LUMO for the dimethoxy derivatives 7 (p,m-di-OMe) and 8 (o,p-di-OMe) are given in Figure 8 . For these systems, the nodal plane properties of HOMO-1 and HOMO are not exactly in the y-or x-axes (the nodal plane of HOMO-1 is close to the y-axis and the nodal plane of HOMO is close to the x-axis), and therefore electronic transitions from both the orbitals are expected. The orbital picture suggests a strong HOMO f LUMO transition and a weak HOMO-1 f LUMO transition. This is in agreement with the two peaks observed experimentally for these systems. Except for the nodal plane, the HOMO-1 of 7 and 8 closely resembles the HOMO-1 of 1, 2, and 4. HOMO of 7 and 8 similarly retains most of the features of the HOMO of 1, 2, and 4 also. Thus, in 7 and 8 also, the lowest energy (HOMO f LUMO) transition is assigned to the y-band. The weak band around 350 nm is attributed to the HOMO-1 f LUMO transition, and this is assigned as the x-band.
For the systems we have described so far (1, 2, 4, 7, and 8), the long wavelength absorption is assigned as the y-band. For these systems, the HOMO-1 orbitals have their nodal plane close to the y-axis and the HOMO orbitals have their nodal planes close to the x-axis. The situation is reversed for the ortho-and meta-substituted derivatives 3, 5, and 6. In Figure 9 , the HOMO-1 and HOMO of 5 (m-OMe) and 6 (o-OMe) are given. For 5 and 6, the HOMO-1s have their nodal planes nearly in the x-axis and the HOMOs have their nodal planes nearly in the y-axis. Also, in 1, 2, 4, 7, and 8, the HOMO-1 orbitals have practically no electron density in the pyrylium ring. In the case of 5 and 6, the HOMO-1 orbitals have significant electron density in the pyrylium ring. For the latter group of molecules, the HOMO orbitals have very little electron density in the pyrylium ring. Therefore, we propose that a reversal of the orbital ordering is taking place in 5 and 6, compared to 1, 2, 4, 7, and 8. Thus, the HOMO f LUMO transition in 5 and 6 corresponds to the x-band and the HOMO-1 f LUMO transition corresponds to the y-band. In other words, the lowest energy band in 5 and 6 are the x-bands (and not y-bands as seen in the case of 1, 2, 4, 7, and 8).
Orbital features of 3 are found to be very similar to those of 5. Therefore, both HOMO-1 f LUMO (y-band) and HOMO f LUMO (x-band) transitions are allowed in 3. However, we observed only one band in the 350 nm region for 3. The fwhm for this band is very large, and we suggest that the observed band is a superposition of the x-and y-bands, with the x-band at lower energy.
The HOMO-1 and HOMO orbitals of the o,m-dimethoxy derivative 9 is shown in Figure 10 . A comparison with the orbitals of 7 and 8 ( Figure 8) shows that a reversal of orbital ordering is taking place in the case of 9. The HOMO of 9 with a nodal plane close to the y-axis and no electron density in the pyrylium ring resembles the HOMO-1s of 7 and 8. Similarly, the HOMO-1 of 9 with the nodal plane close to the x-axis resembles the HOMOs of 7 and 8. Thus, as in the case of 5 and 6, in 9 the HOMO f LUMO transition corresponds to the x-band and the HOMO-1 f LUMO transition corresponds to the y-band.
In the case of R-naphthyl derivative 10, the HOMO shows the nodal plane nearly in the x-direction while the HOMO-1 has its nodal plane in the y-direction. The situation is similar to those observed for the para-substituted derivatives 1, 2, and 4. Compound 10 exhibited only one band (as in the case of 1, 2, and 4), and this can be assigned as the y-band. In the case of the -naphthyl system 11, the nodal plane of HOMO-1 was close to the x-direction, and the nodal plane of HOMO was close to the y-direction. This picture is close to those in 5, 6, and 9. Thus, we expect two bands for 11, the weak, longer wavelength band assigned to the x-band and the strong, shortwavelength band assigned to the y-band. This result is in good agreement with experiment.
According to Balaban's notation, para substitution would lead to a red shift in the y-band, and ortho and meta substitution would lead to a red shift in the x-band. Thus, the lowest energy band in para-substituted derivatives is the y-band. In the case of ortho-and meta-substituted derivatives, the lowest energy band will be the x-band. It is very interesting to note that a good correlation exists between Balaban's x,y-band notation and the transitions predicted on the basis of calculated molecular orbital picture for the methyl-and methoxy-substituted derivatives 1-9, and this is shown in Scheme 1. In the case of parasubstituted derivatives (1, 2, 4, 7, and 8) , the HOMO f LUMO transition can be assigned as the y-band and the forbidden HOMO-1 f LUMO transition can be assigned as the x-band (vide supra). In the case of ortho-and meta-substituted derivatives (3, 5, 6, and 9) , the x-band undergoes red shift and corresponds to the HOMO f LUMO transition. In these cases, the y-band corresponds to HOMO-1 f LUMO transition. In all cases, transitions corresponding to the y-band are more intense. It appears that this simple correlation is sufficient to assign the absorption bands in the series of pyrylium salts 1-9. The x,y notations for all compounds studied are given in Tables  1 and 2. The correlation, however, breaks down for complex derivatives such as the R-and -naphthyl substituted systems 10 and 11: R-naphthyl substitution is equivalent to ortho,meta-di- substitution, and according to Balaban's notation we expect two bands, with a red-shifted x-band. Experimentally, we observe only one band and this is assigned to the y-band (vide supra) from the orbital picture. The -naphthyl derivative 11 can be considered as a para,meta-di-substituted derivative similar to 7. According to the x,y-notation, one can anticipate two bands with the lower energy y-band more intense than the x-band. Two bands are actually observed experimentally, but the lowest energy band is the weak one and the orbital picture suggested that this corresponds to the x-band. We conclude that the simple x,y-notation is very useful for simple substituents such as alkyl or alkoxy but is not useful when the substitution pattern is more complicated. It is expected that the calculations and the empirical correlations will help greatly in the design of pyrylium salts with useful absorption properties.
Conclusions
Absorption spectra of a series of 4-phenyl-2,6-dimethylpyrylium salts are studied. The absorption spectra are highly sensitive to the position of substituents in the 4-phenyl ring. DFT and ZINDO calculations were carried out to explain the observed spectra. Results of the calculations are in good agreement with the experimental results. Moreover, we found that, for alkyland alkoxy-substituted derivatives, an empirical method used earlier to explain the absorption spectra in pyrylium salts is adequate to explain the spectra, and this empirical method can be correlated very well to the theoretical results. For more complex systems such as R-and -naphthyl substituted systems, this empirical method breaks down. In all cases, the observed absorption spectra are very well explained by the calculated molecular orbital picture.
